Abstract This study examined the relationship between exhaustive exercise in the heat at moderate and high intensities on the intracellular heat shock protein 72 (iHsp72) response. Twelve male subjects cycled to exhaustion at 60 and 75 % of maximal oxygen uptake in hot conditions (40°C, 50 % RH). iHsp72 concentration was measured in monocytes before, at exhaustion and 24 h after exercise. Rectal temperature, heart rate and oxygen uptake were recorded during exercise. Volitional exhaustion occurred at 58.9 ± 12.1 and 27.3 ± 9.5 min (P<0.001) and a rectal temperature of 39.8±0.4 and 39.2±0.6°C (P=0.002), respectively, for 60 and 75 %. The area under the curve above a rectal temperature of 38.5°C was greater at 60 % (17.5 ± 6.6°C min) than 75 % (3.4 ± 4.8°C min; P<0.001), whereas the rate of increase in rectal temperature was greater at 75 % (5.1±1.7 vs. 2.2±1.4°C h −1 ; P<0.001). iHsp72 concentration increased similarly at exhaustion relative to pre-exercise (P=0.044) and then increased further at 24 h (P<0.001). Multiple regression analysis revealed no predictor variables associated with iHsp72 expression; however, a correlation was observed between exercise intensities for the increase in iHsp expression at exhaustion and 24 h (P < 0.05). These results suggest that iHsp72 expression increased in relation to the level of hyperthermia attained and sustained at 60 % and the higher metabolic rate and greater rate of increase in core temperature at 75 %, with the further increase in iHsp72 concentration 24 h after exercise reinforcing its role as a chaperone and cytoprotective agent.
Introduction
Heat shock proteins (Hsps) are highly conserved proteins originally described for their role as chaperones in maintaining cellular conformation and homeostasis during heat stress (i.e. the heat shock response) (Locke 1997; Kregel 2002) . Although Hsp expression is also known to increase in response to other stressors (e.g. hypoxia, ischemia, inflammation), the heat shock response induced during exposure to hot environmental conditions confers transient thermotolerance and protection against subsequent exposure. Based on their molecular mass (8 to 110 kDa), Hsps have different cellular locations and functions, processing stress-denatured proteins, managing protein fragments, maintaining structural proteins and chaperoning other proteins across cell membranes (Pockley 2003; Asea 2007; Noble et al. 2008) .
Both passive heat exposure and exercise elicit Hsp synthesis (Febbraio and Koukoulas 2000; Oehler et al. 2001) ; however, the combination of exercise and heat stress elicits a greater Hsp response than either stressor independently (Skidmore et al. 1995) . Hsp72 is particularly responsive to heat stress and exercise (Locke 1997) . Recently, the extracellular expression of Hsp72 (eHsp72) during exercise-heat stress was shown to increase in relation to both the level of hyperthermia attained and sustained, and rate of rise in core temperature (Périard et al. 2012) , possibly in response to surpassing a minimum endogenous criteria mediated by whole-body temperature and sympathetic activity (Gibson et al. 2013) . Interestingly, the upregulation of eHsp72 is considered immuno-stimulatory, stimulates the synthesis of pro-inflammatory cytokines, augments chemokine synthesis, upregulates co-stimulatory molecules and enhances anti-tumour surveillance (Asea et al. 2000; Pockley 2003; Asea 2007) . Conversely, an increase in intracellular Hsp72 (iHsp72) is cytoprotective as it induces anti-apoptosis, represses gene expression, modulates cell cycle progression and is anti-inflammatory (Locke 1997; Kregel 2002; Noble et al. 2008) . Whilst iHsp72 expression has been demonstrated to increase during exercise-heat stress (Fehrenbach et al. 2001 (Fehrenbach et al. , 2003 Selkirk et al. 2009; Magalhaes et al. 2010) , its magnitude of expression may differ during exercise at different intensities, given that this elicits distinctive metabolic demands and induces different rates of heat storage. Due to the dual role of Hsp72 in relation to its cellular location, the influence of exercise to exhaustion in the heat at distinct intensities may provide insight as to the role of iHsp72 based on its level of expression.
In human leucocytes, monocytes demonstrate a particularly strong responsiveness to stress, despite having a shorter life cycle than lymphocytes in the circulation (Oehler et al. 2001) . These circulating cells are therefore ideal for investigating the influence of hyperthermia and exercise on Hsp expression, as they are exposed to similar temperatures and stressors as the various organs and tissues of the body (Sonna et al. 2001; Lovell et al. 2008) . The purpose of this study was therefore to investigate the relationship between iHsp72 expression in monocytes extracted from venous blood samples before, immediately after and 24 h following exercise to exhaustion in a hot environment at moderate and high exercise intensities. It was hypothesised that similar to the expression of eHsp72 (Périard et al. 2012) , iHsp72 concentration would increase to a comparable level following exercise at both intensities. This was anticipated in response to the level of hyperthermia attained and sustained above a core temperature of 38.5°C in the moderate-intensity trial and the higher metabolic rate and greater rate of increase in core temperature at the higher intensity.
Results and discussion
Twelve healthy male subjects unacclimatised to heat participated in this study. Their physical characteristics for age, body mass, height and maximal oxygen uptake V O 2max
were 28 ±6 years, 70.7±3.9 kg, 180.3±5.9 cm and 4.5±0.7 l·min −1 . Sixteen subjects were recruited and participated in the study; however, for technical reasons (i.e. insufficient monocytes isolated), data are presented for only 12. Experimental procedures and measures, along with physiological and plasma eHsp data for 16 subjects have been published previously (Périard et al. 2012) . The expression of Hsp72 in monocytes was measured following isolation of monocytes from 12-ml EDTA-treated blood using Optiprep density-gradient medium (Axis-Shield, Oslo, Norway) as described by the manufacturer except that BSA was omitted from the solutions. Using a similar method, average purity ranged from 87.9 to 96.4 % (Graziani-Bowering et al. 1997) . Monocytes were extracted as described previously for lymphocytes (Ruell et al. 2007 ). Monocyte extracts were analysed for total protein using a commercial method (Pierce, Rockford, IL, USA), and Hsp72 was measured using an R&D Elisa kit (DYC1663, Minneapolis, MN, USA) according to the manufacturer's instructions. A two-way (time-by-trial) repeated-measures ANOVA (SPSS, Chicago, IL, US) was performed to test significance between and within trials for similar time points, whilst Student's paired t tests were used to compare the final time point values and hydration data. Multiple regression analysis was used with the enter method to determine predictors (i.e. rectal temperature, rate in increase in rectal temperature, area under the curve (AUC), time and mean heart rate) of exercise-induced increases in iHsp72 expression.
In the 60 % trial subjects reached volitional exhaustion at 58.9±12.1 min, whereas in the 75 % trial it was attained at 27.3±9.5 min (P<0.001). There were significant condition (P=0.001), time (P<0.001) and interaction (P<0.001) effects for rectal temperature (Fig. 1) . The rate of increase in rectal temperature was greater during exercise at 75 % relative to 60 % (5.1±1.7 vs. 2.2±1.4°C h −1 ; P<0.001). The calculated AUC was significantly greater for the 60 % (17.5 ± 6.6°C min) trial relative to 75 % (3.4 ± 4.8°C min; P<0.001). There were significant condition (P<0.001) and time (P<0.001) effects for heart rate, with a trend towards an interaction effect (P<0.190; Fig. 1 ). There were also significant condition (P<0.001) and time (P=0.002) effects for V O 2 , which was 2.6±0.5 l min −1 (10 min), 2.7±0.5 l min −1 (30 min) and 2.9±0.4 l min −1 (exhaustion) in the 60 % trial, whilst it was 3.5±0.6 l min −1 (10 min) and 3.6±0.6 l min −1
(exhaustion) in the 75 % trial. Percent body mass losses were similar for exercise performed at 60 % (0.5±0.8 %) and 75 % (0.5±0.6 %). However, sweat production was slightly lower in the 60 % trial (1.5±0.5 l.h ) and 75 % (1.1±0.5 l.h −1 ) trials. There was a significant time (P< 0.001) effect for iHsp72 expression (Fig. 2) . The multiple regression analysis revealed no predictor variables associated with iHsp72 expression at either exercise intensity. However, a correlation was observed between exercise intensities for the increase in iHsp expression both at exhaustion and 24 h after exercise (P<0.05; Fig. 3) .
The novel findings of the study are that iHsp72 concentration increased similarly on reaching exhaustion during exercise at 60 and 75 % V O 2max and then increased further 24 h after the termination of exercise at both intensities. Moreover, a correlation was observed in the increase in iHsp72 between conditions both at exhaustion and 24 h. The finding that a comparable increase in iHsp72 concentration occurred at exhaustion in the 60 and 75 % is similar to eHsp72 (Périard et al. 2012) . However, in contrast to eHsp72, iHsp72 continued to increase during the 24-h period after exercise. Correspondingly, exercise-heat stress activates Hsp72 gene expression in various tissues, leading to enhanced iHsp72 expression in the hours and days following induction. This allows for iHsp72 to function as a chaperone and cytoprotective agent, should a subsequent stress occur (Locke 1997; Kregel 2002) . By contrast, eHsp72 is acutely released from tissues into the circulation in response to cellular stress, acting as a danger signal (Fleshner and Johnson 2005; Heck et al. 2011) . Circulating levels of eHsp72 usually return to basal levels when the physiological or biological stress terminates. Our results support this dual role for Hsp72, the expression of which is dependent on their location (intra vs. extracellular).
Hsp72 is the most abundant stress-induced protein, accounting for up to 20 % of total cellular protein expressed under stressful conditions (Donati et al. 1990 ). In the current study, the increase in iHsp72 noted at exhaustion (Fig. 2) corroborates previous findings in which an increase in iHsp72 was shown immediately following endurance exercise in temperate conditions (Fehrenbach et al. 2000a, b; Shin et al. 2004) , as well as in the heat (Fehrenbach et al. 2001 (Fehrenbach et al. , 2003 Selkirk et al. 2009; Magalhaes et al. 2010) . In animals, Hsp72 concentration in various tissues has been shown to correlate with the level of hyperthermia attained (Walters et al. 1998; Ruell et al. 2004) , as well as the rate of rise in temperature (Flanagan et al. 1995 ). In the current study, the increase in rectal temperature to 39.8°C (Fig. 1) along with the AUC at 38.5°C (17.5°C min) in the 60 % trial was sufficient to induce the heat shock response. In the 75 % trial, the attainment of a rectal temperature of 39.2°C and the rate of increase in rectal temperature (5.1°C h −1 ), along with the increased intensity (e.g. V O 2 and heart rate; Fig. 1 ) were equally sufficient to stimulate an increase in iHsp72. The latter result is interesting given the short duration of the exercise bout. Indeed, few studies have examined iHsp72 in monocytes after shortduration exercise. In a study by Fehrenbach et al. (2001) , athletes ran in warm conditions (28°C and 50 % RH) for 60 min, which resulted in a 1.8-fold increase in monocyte Hsp72 immediately post-exercise. In a separate study by Whitham et al. (2004) , although not significant, a 1.5-fold increase in monocyte Hsp72 was found immediately following a V O 2max test (20-30 min). This was noted after the subjects had followed a 6-day intensified training programme. These observations reinforce the influence of exercise intensity and hyperthermia in increasing iHsp72 concentration, especially during the 75 % trial.
The increase in iHsp72 concentration observed at exhaustion reflects findings showing an increase in eHsp72 after exercise at the same intensities and environmental conditions (Périard et al. 2012) . The similar pattern of expression in response to exhaustive exercise is not entirely unexpected, given that intracellular proteins are typically detected before or simultaneous to extracellular proteins (Kwak et al. 2000) . Notwithstanding, changes in eHsp72 expression do not necessarily reflect changes in iHsp72 being released from leukocytes, as hepatosplanchnic and cerebral tissues also represent sources of Hsp72 release during exercise (Febbraio et al. 2002; Lancaster et al. 2004) . Hence, eHsp72 concentration is representative of the net balance of the Hsp72 being released into and removed from the circulation (Whitham and Fortes 2008) . Moreover, whilst the eHsp72 response was correlated with the temperature attained at exhaustion (60 %) and the rate of rise in core temperature during exercise (75 %) (Périard et al. 2012) , the multiple regression analysis for iHsp72 in the current study did not reveal any predictor variables associated with the increase in expression. However, a significant correlation in the expression of iHsp72 at exhaustion and 24 h after exercise was observed between exercise intensities (Fig. 3) . Given the similarity in response, it appears that iHsp72 expression is sensitive to exercise intensity, total time spent above a rectal temperature of 38.5°C and the rate of rise in temperature.
Following the initial increase in iHsp72 concentration at exhaustion, a further rise was observed 24 h later (Fig. 2) . This observation varies slightly from that of a recent study in which a 53 % increase in iHsp72 concentration was demonstrated immediately following exercise in the heat and accompanied by a 30 % elevation in the basal level 24 h after exercise (Lee et al. 2014) . Previous studies examining the role of heat acclimation on the iHsp72 response have also shown an increase in the basal concentration of iHsp72 after 3-11 days of exposure to heat stress (Yamada et al. 2007; McClung et al. 2008; Magalhaes et al. 2010; Lee et al. 2015) . Interestingly, Marshall et al. (2007) reported that basal iHsp72 concentration in human peripheral blood mononuclear cells was not elevated after 2 days of exercise-heat exposure; however, a large (3.5-fold) non-significant increase in iHsp72 was noted. In a study of passive heating where rectal temperature reached ∼39°C, iHsp72 was elevated 1.6-fold from basal levels 22 h following the heat exposure (Oehler et al. 2001) . In the present study, the combination of exercise and heat exposure resulted in similar 2-fold (60 %) and 1.6-fold (75 %) increases in iHsp72 24 h post-exercise.
The increase in basal iHsp72 concentration 24 h after exercise cessation is associated with the level of heat strain incurred, in response to the prevailing ambient conditions and the intensity of exercise performed. As highlighted by Hom et al. (2012) , the greatest combination of ambient temperature and relative humidity above 40°C resulting in the highest level of thermal strain during heat acclimation (Yamada et al. 2007; McClung et al. 2008; Magalhaes et al. 2010) , resulted in the greatest post-acclimation increase in basal iHsp72. Accordingly, studies demonstrating no change in basal iHsp72 concentration following exercise in the heat induced only a moderate increase in core temperature (i.e. <38.5°C) (Watkins et al. 2008; Hom et al. 2012 ). As such, it would appear that environmental conditions that induce only mild/ moderate hyperthermia are associated with lower iHsp72 responses in humans. Notwithstanding, environmental conditions are not the only factor influencing iHsp72 expression, as exercise intensity and duration are known to exacerbate the rise in core temperature and physiological strain. In the current study, the combination of exercising at 60 and 75 % V O 2max until exhaustion in the heat, along with exceeding a rectal temperature of 39°C, resulted in a further rise in iHsp72 24 h after exercise. As with values measured at exhaustion, the rise in basal iHsp72 expression measured 24 h after the termination of exercise was correlated between exercise intensities (Fig. 3) .
Although the current study demonstrates that the increase in iHsp72 following exhaustive exercise in the heat at 60 and 75 % V O 2max occurs in a pattern similar to that of eHsp72, it also highlights a contrast in 24-h responses between iHsp and eHsp expressions. Indeed, eHsp72 decreased below basal (i.e. pre-exercise) levels 24 h after the completion of exercise (Périard et al. 2012) , whereas iHsp72 concentration continued to increase during the 24-h period following the cessation of exercise (Fig. 2) . This contrast underscores the dichotomous role of Hsp in relation to their relative location (i.e. intracellular vs. extracellular). Moreover, iHsp72 expression results from stimulation of its gene expression, whilst eHsp72 concentration increases following release into the circulation from tissues expressing Hsp72, or those with an initially elevated content. Hence, once the stress stimulus is abated, there is a progressive decrease in Hsp72 being released in the circulation. This is corroborated by findings that basal levels of eHsp72 decreased on days 2 and 3 following exercise-heat exposure (Marshall et al. 2006) and that similar interventions do not result in a sustained basal elevation (Yamada et al. 2007; Magalhaes et al. 2010) . Notwithstanding, the postexercise and 24-h magnitude of iHsp72 expression and the circulating levels of eHsp72 are likely dependent on the level of heat strain attained, as well as sustained.
In summary, the current study demonstrates that exercise to exhaustion at moderate (60 % V O 2max ) and high (75 % V O 2max ) intensities in the heat induces a similar increase in iHsp72 concentration in monocytes. Furthermore, our results indicate that an additional increase occurs in the 24 h following exercise termination at both intensities, which reinforces the role of iHsp72 as a chaperone and cytoprotective agent. Interestingly, a correlation was observed between exercise intensities for the increase in iHsp72 noted at exhaustion and 24 h after exercise. The similar increase in concentration noted at exhaustion between exercise intensities is comparable to results observed in eHsp72. However, in contrast to eHsp72, iHsp72 continued to increase during the 24-h period after exercise, highlighting the dichotomy between Hsp72 in relation to their location.
